We analyzed the outcome of 243 children with high-risk (HR) AML in first CR1 enrolled in the AIEOP-2002/01 protocol, who were given either allogeneic (ALLO; n = 141) or autologous (AUTO; n = 102) hematopoietic SCT (HSCT), depending on the availability of a HLA-compatible sibling. Infants, patients with AML-M7, or complex karyotype or those with FLT3-ITD, were eligible to be transplanted also from alternative donors. All patients received a myeloablative regimen combining BU, Cyclophosphamide and Melphalan; AUTO-HSCT patients received BM cells in most cases, while in children given ALLO-HSCT stem cell source was BM in 96, peripheral blood in 19 and cord blood in 26. With a median follow-up of 57 months (range 12-130), the probability of disease-free survival (DFS) was 73% and 63% in patients given either ALLO-or AUTO-HSCT, respectively (P = NS). Although the cumulative incidence (CI) of relapse was lower in ALLO-than in AUTO-HSCT recipients (17% vs 28%, respectively; P = 0.043), the CI of TRM was 7% in both groups. Patients transplanted with unrelated donor cord blood had a remarkable 92.3% 8-year DFS probability. Altogether, these data confirm that HSCT is a suitable option for preventing leukemia recurrence in HR children with CR1 AML.
INTRODUCTION
The outcome of children with AML has significantly improved over the past two decades. [1] [2] [3] Besides better risk stratification, use of repeated course of intensive consolidation therapy and amelioration of supportive therapy, a remarkable contribution to this improvement has been given by the wide use of hematopoietic SCT (HSCT). [4] [5] [6] [7] In particular, for children achieving first CR1, allogeneic (ALLO) HSCT from an HLA-identical sibling has been shown to be the most effective post-remission therapy for preventing leukemia recurrence. 5, 7 Nowadays, large cooperative groups consider AML children with high-risk (HR) features, such as unfavorable cytogenetic/molecular characteristics or poor minimal residual disease clearance, eligible to be offered an allograft from an HLA-compatible sibling in CR1. 2, 8 In the past few years, several studies have documented that transplantation of unrelated CB cells in children with CR1 AML is associated with a favorable outcome, particularly in patients aged less than 1 year at time of diagnosis. [9] [10] [11] The use of high-resolution molecular typing techniques for selecting an unrelated donor (UD) has also dramatically reduced the risk of immune-mediated complications and TRM, thus widening the indications for HSCT from an unrelated volunteer, which now are in part coincident with those for matched-related HSCT. 12, 13 Although largely used in the past, 14, 15 more recently the role of autologous (AUTO) HSCT has been questioned, especially in view of similar efficacy to repeated courses of intensive high-dose cytarabine (HD-AraC)-based consolidation chemotherapy for prevention of disease recurrence. 5, 16 We recently reported that risk-oriented treatment and broad use of HSCT in children with CR1 AML resulted in a long-term outcome, which compares favorably with that reported in other patient series. 17 In this study, we thoroughly analyze the results of the 243 HR children enrolled in the AIEOP AML 2002/01 protocol, who were given either AUTO or ALLO HSCT for consolidating remission after achievement of CR1. before references). Either parents or legal guardians provided written informed consent to patient treatment. Patients with a previous myelodysplastic phase, with Down's syndrome or who had received previous treatment with either cytotoxic agents or steroids in the 2 weeks preceding diagnosis were deemed not to be eligible for inclusion into the study. Details on demographics and clinical or biological characteristics of these HR patients are shown in Table 1 , which also includes a separate analysis of children who received either AUTO-or ALLO-HSCT.
Donor selection
In the AIEOP AML 2002/01 protocol, patients with isolated anomalies of CBF-β and in morphologic CR after the first induction course were allocated to the standard-risk (SR) group; the remaining children were assigned to the HR group and, thus, eligible to be treated with HSCT. All these HR children with an available HLA-compatible sibling were transplanted using this type of donor. Infants, patients with AML-M7, those with a complex karyotype or FLT3-internal tandem duplication (ITD) Allogeneic  141  58  BM  93  66  Cord  26  18  PBSC  22  16  Autologous  102  42  BM  87  85  PBSC  15  15 Abbreviations: AUTO = autologous; CNS = central nervous system; F = female; HAPLO = HLA-haploidentical; HSCT = hematopoietic SCT; M = male; MFD = matched family donor; pts = patients; UD = unrelated donor.
Autologous and allogeneic HSCT in childhood AML F Locatelli et al or achieving CR1 only after the second course of induction therapy were considered eligible to be transplanted from an alternative donor, namely an UD, or an unrelated CB donor or an HLA-partially matched family donor. Eligible for AUTO-HSCT were those HR children without an HLA-identical sibling who did not qualify for receiving an allograft from an alternative donor. As far as children transplanted from either an HLA-identical sibling or using CB cells are concerned, in both donor and recipient, histocompatibility was determined by serology for HLA-A and HLA-B antigens and by DNA typing for the HLA-DRB1 locus. In all children transplanted from an UD, both class I and class II HLA alleles (that is, HLA-A, HLA-B, HLA-C, DRB1 and DQB1) of the donor/recipient pair were typed by high-resolution, 4-digit DNA technique. All UD ALLO-HSCT recipients were transplanted using a donor with complete identity or a single-locus mismatch. The transplant centers preferentially required BM as the stem cell source; however, the final choice was left to the UD. Of the 26 CB transplant recipients, 10 were transplanted from an HLA-identical donor, 11 from a 1-antigen disparate donor, and 5 using a unit with 2 HLA disparities. For patients candidate to receive an UD ALLO-HSCT, the search for locating a suitable unrelated volunteer or a CB unit started simultaneously. CB transplantation was performed whenever a donor with an HLA compatibility of at least 4/6 and a pre-thawing number of total nucleated cells/kg of recipient's body weight of at least 3.5 × 10 7 was available.
Pre-transplant treatment
Before transplantation, all patients had been given two courses of induction chemotherapy, including idarubicin, cytarabine and etoposide (ICE, see Ravindranath et al. 16 for details). After having achieved CR1, two consolidation courses including HD-Ara-C, combined with either etoposide in the first course (AVE) or mitoxantrone in the second course (HAM) were administered. BM harvesting and in vitro purging with mafosfamide for patients given AUTO-HSCT was recommended after the first consolidation course.
14 Purging was performed for 78 AUTO-HSCT.
Conditioning regimen and GVHD prophylaxis
The conditioning regimen was homogenous in all the patients and it consisted of a combination of Busulfan (BU, 16 mg/Kg over 4 days), Cyclophosphamide (CY, 120 mg/Kg divided in two doses) and Melphalan (L-PAM, 140 mg/m 2 ). 18 Seventy-five percent of patients received oral BU, the remaining being treated with the i.v. formulation of the drug. In 221 out of the 243 patients (91%), BU dosage was adjusted based on the pharmacokinetic study performed in a centralized laboratory in Pavia following the first administration, in order to maintain a steady-state concentration comprised between 600 and 900 ng/mL.
GVHD prophylaxis consisted of CsA alone for 95% of matched family donor recipients, and of a combination of CsA, short-term MTX and rabbit anti-thymocyte globulin (ATG, 2.5-3.75 mg/kg/day from day − 4 to day − 2) for 85% of UD recipients. Children transplanted with unrelated CB units received a GVHD prophylaxis based on the combination of CsA and steroids. 11 
Definitions
Patients were considered in morphological CR if they had o5% blast cells in a BM smear, no extramedullary disease and normal neutrophil and platelet counts. All the patients had a lumbar puncture before HSCT to document cerebrospinal fluid CR.
Neutrophil and platelet engraftment were defined as the first of the three consecutive days with a neutrophil count 40.5 × 10 9 /L and an unsupported platelet count 420 × 10 9 /L, respectively. Acute and chronic GVHD (aGVHD and cGVHD) were diagnosed and graded according to established criteria. 19, 20 Children surviving more than 14 days and 100 days post transplantation and with evidence of donor engraftment were evaluated for the occurrence of aGVHD and cGVHD, respectively. Relapse was defined on the basis of morphological evidence of leukemia in BM, or at other extramedullary sites. TRM was defined as all causes of non-leukemia death occurring after HSCT. OS was defined as the interval between HSCT and either death or date of last follow-up. Diseasefree survival (DFS) was defined as the interval between HSCT and either relapse, or death, or date of last follow-up, whichever occurred first.
Statistical analysis
Patient-, disease-and transplantation-related variables were expressed as median and ranges, or as percentages, as appropriate. The following patient-or transplantation-related variables were analyzed for their potential impact on outcome: gender, age, WBC at diagnosis, FrenchAmerican-British subgroups, donor type, stem cell source, abnormalities involving MLL, FLT3-ITD, aGVHD and cGVHD occurrence. Patients were censored at the time of relapse, death or last follow-up. Probability of OS and DFS was estimated by the Kaplan-Meier product-limit method and expressed as percentage ± s.e. aGVHD and cGVHD occurrence, as well as TRM and relapse incidence (RI), were expressed as cumulative incidence (CI) curves ± s.e., in order to adjust the analysis for competing risks. 21 Death from any cause and graft rejection were competing risks to estimate the CI of aGVHD and cGVHD. Death in remission was treated as a competing event to calculate the cumulative RI. Relapse was considered to be the competing event for calculating the CI of TRM.
The significance of differences between the DFS curves was estimated by the log-rank test (Mantel-Cox), whereas in the univariate analyses, Gray's test was used to assess differences between RI and TRM. All variables having a p-value o .05 in univariate analysis were included in a multivariate analysis on DFS performed using the Cox proportional regression model, 22, 23 while the proportional sub-distribution hazard regression model was used to perform multivariate analyses of CI of relapse and death in continuous CR. Computations were performed using SAS (Statistical Analysis System, Version 8.2, SAS Institute Inc., Cary, NC, USA). Analysis used 31 March 2013 as the reference date.
RESULTS
The median observation time for the surviving patients, considering the whole study population, was 57 months (range: 12-130). The median follow-up did not differ according to the type of transplantation received by the patient (data not shown). The patient flowchart is depicted in Figure 1 . The median time from achievement of CR to transplantation was 139, 125 and 136 days for AUTO-HSCT, HLA-identical sibling ALLO-HSCT and UD ALLO-HSCT, respectively (P = ns). The stem cell source employed did not significantly influence the median time elapsing from achievement of CR and transplantation (data not shown).
Hematopoietic recovery Neutrophil engraftment was reached in 240 out of 243 children and the median time to neutrophil recovery was 13 days (range 9-61) and 17 days (range 9-52), for AUTO-and ALLO-HSCT recipients, respectively (P = 0.11). Platelet recovery was reached in 235 children, the median time for obtaining an unsupported platelet count more than 20 × 10 9 /L being 21 days (range 12-119) and 25 days (range 10-132), for AUTO-and ALLO-HSCT recipients, respectively (P = 0.12).
Chimerism analysis during 100 days was available for 135 out of the 141 patients receiving an allograft. Of those patients reaching neutrophil recovery, 99% had full donor chimerism and 1% were mixed chimera.
Acute and chronic GVHD Eighty-two out of the 141 patients given an allograft developed grade I-IV aGvHD, the median time of onset being 14 days (range 8-70); 53 and 19 of them had grade II-IV and grade III-IV acute GvHD, respectively. The CI of grade II-IV and grade III-IV acute GVHD was 38.1% (s.e. 4.1) and 13.7% (s.e. 2.9), respectively ( Figure 2a) . The CI of grade II-IV aGVHD in children transplanted from either an HLA-identical sibling or an adult UD or with UD CB cells was 35.1% (s.e. 6.3), 45.1% (s.e. 7.2) and 38.5% (s.e. 9.5), respectively (P = ns).
Thirty-three patients developed cGVHD, the median time of onset being 165 days (range 100-426). In 22 of them, cGVHD was of limited severity, while the remaining 11 children experienced the extensive form of the disease. In 27 patients, cGVHD was preceded by aGVHD. The overall CI of cGVHD was 25.3% (s.e. 3.8), while that of extensive cGVHD was 8.6% (s.e. 2.5; Figure 2b ). Transplantation-related mortality Sixteen patients died from transplantation-related causes, seven after AUTO-and nine after ALLO-HSCT. Five of the seven patients who died after AUTO-HSCT had the fatal event before 2006. The CI of TRM in AUTO-and AUTO-HSCT was 7.1% (s.e. 2.8) and 7.4% (s.e. 2.5), respectively (P = ns). Neither type of donor nor stem cell source employed influenced the risk of TRM in the 141 patients given an allograft. Table 2 enlists the causes of death in patients given either ALLO-or AUTO-HSCT. Only one of the four children who died because of sinusoidal obstruction syndrome had a steady-state BU concentration higher than the recommended range (data not shown). The CI of TRM of the 82 patients who experienced GVHD was 8.9% (s.e. 3.6), whereas that of patients who did not develop GVHD was 7.0% (s.e. 3.4; P = ns). Likewise, occurrence of cGVHD did not influence the risk of dying for transplantation-related complications (data not shown).
Leukemia relapse Fifty-one patients experienced leukemia relapse: 29 after AUTOand 22 after ALLO-HSCT; the CI of leukemia recurrence was 28.3% 3) after AUTO-and ALLO-HSCT, respectively (P = 0.043, Figure 3 ). The median time to leukemia recurrence was 6.3 months (range 1.1-49.5). Relapse involved BM only in 42 patients, while either combined or isolated extramedullary relapse occurred in 6 and 3 patients, respectively. In the subgroup of patients given an allograft, the stem cell source employed did not influence the risk of leukemia recurrence (data not shown). Notably, only 2 out of the 26 children given CB transplantation experienced leukemia relapse, this translating into a CI of recurrence of only 7.7% (s.e. 5.2). By contrast, the CI of relapse in children transplanted from an HLA-identical sibling or Figure 4 . Eight-year probability of disease-free survival (DFS, ± s.e.) for children with CR1 AML given either an allogeneic or an autologous HSCT. Years from HSCT Figure 5 . Eight-year probability of DFS ( ± s.e.) for children with CR1 AML given allogeneic HSCT according to the stem cell source used. Overall and event-free survival The 8-year probability of OS for the whole cohort of patients was 75.1% (s.e. 3.0); it was 75.5% (s.e. 4.4) and 74.7% (s.e. 4.0) for patients given either AUTO-or ALLO-HSCT, respectively (P = ns). The 8-year DFS, calculated from the date of HSCT, for the 102 patients given an AUTO-HSCT was 63% (s.e. 4.9); it was 73% (s.e. 4.0) for the 141 patients given an allograft (P = ns; Figure 4 ). The 8-year DFS for AUTO-HSCT recipients who did or did not receive in vitro purging was comparable (data not shown). The 8-year probability of DFS for patients transplanted from an HLA-identical sibling was 73.8% (s.e. 6.3); it was 75.5% (s.e. 4.6), 53% (s.e. 12.6) and 92.3% (s.e. 5.2) for patients given either BM, or PBSC from an unrelated volunteer or CB cells, respectively (overall P = 0.0035; Figure 5) . Table 3 reports details on the influence of the different variables analyzed on the probability of 8-year DFS. None of the variables analyzed resulted to be significantly associated with DFS in multivariate analysis.
Notably, out of the 29 patients who experienced relapse after AUTO-HSCT 11 are alive and disease-free after having received an ALLO-HSCT in CR2; in 5 out of these 11 patients, the donor was an HLA-haploidentical relative.
DISCUSSION
We report the outcome of children with HR-AML in CR1, who were given either AUTO-or ALLO-HSCT in the AIEOP AML 2002/01 study. We have previously demonstrated that a broad use of HSCT in this HR population is able to lower the CI of relapse to an extent comparable to that of SR children, 17 suggesting that transplantation can abolish the detrimental impact mainly imparted by specific molecular lesions and poor response to therapy.
More than 75% of the patients in CR1 enrolled in this study became long-term survivors, leukemia recurrence being the most important cause of treatment failure. The strength of our results lies on the fact that: (i) children were prospectively allocated to the HR group according to consistent criteria of stratification; (ii) all patients received the same chemotherapy treatment for inducing and consolidating remission before transplantation; and (iii) they were given a homogenous conditioning regimen.
Our data argue that, despite being used in children with more adverse prognostic features (see also Tables 1 and 3) , ALLO-HSCT is more effective than AUTO-HSCT in preventing leukemia recurrence, without this positive effect being obscured by an increased risk of TRM. Indeed, both in AUTO-and in ALLO-HSCT the CI of TRM was 7%, a value which compares favorably with previously reported data on ALLO-HSCT, 4, 5, 7, 10 while it was worse than expected in AUTO-HSCT. In this regard, it has to be emphasized that more than a half of the fatal events were due to sinusoidal obstruction syndrome, a complication known to occur with increased incidence in patients given BU as part of the conditioning regimen. 24 However, there is no obvious explanation why sinusoidal obstruction syndrome occurred only in AUTO-HSCT recipients, although more Centers perform this type of transplantation in comparison to those involved in the ALLO-HSCT procedure.
The final outcome of our patients transplanted from an UD did not differ from that of patients given HSCT from an HLA-identical sibling and the 8-year DFS of 73% observed in our cohort of UD HSCT recipients compares favorably with results reported in previously published studies. 10, 25, 26 The outcome of children transplanted from UDs acquires particular value in light of the fact that this type of allograft was employed in patients either with poor-prognosis molecular lesions, such as FLT3-ITD, or in infants, or in children with M7-AML or complex karyotype or in those patients not responding to the first course of induction therapy, these subgroups notoriously predicting a grim prognosis. 2, 8, 17, 27, 28 We and others have previously provided evidence that the outcome of children with acute lymphoblastic leukemia given HSCT from an UD has improved over time, 12, 13, 26 and the present results confirm that currently, thanks to the improvements in HLA typing obtained through the use of high-resolution molecular techniques and the optimization of GVHD prevention and treatment, post-transplantation outcome is not influenced by the type of donor used, either related or unrelated.
The outcome of children transplanted with CB cells is particularly remarkable, as the probability of DFS in this subgroup of patients overcomes 90%. Our data confirm and strengthen the data reported by Michel et al.
11 on children with AML receiving single-unit CB transplantation after a myeloablative preparation. These data were recently updated by Ruggeri and Colleagues 9 for the subgroup of infants with AML, in whom the reported 4-year DFS was 82% for those patients who were transplanted in CR1. The favorable outcome of children transplanted with CB cells was both due to a particularly low risk of TRM and to a CI of recurrence of only 7.7%.
Previously published studies have reported that FLT3-ITD is an adverse prognostic factor in childhood AML. 27, 28 In particular, Meshinchi et al. 27 reported that children with FLT3-ITD had a 4-year progression-free survival and a CI of leukemia recurrence of 31% and 65%, respectively. The probability of OS in children with FLT3-ITD given an allograft from a matched family donor increased to 64%, thanks to reduced risk of leukemia recurrence. The 74% probability of 8-year DFS in our cohort confirms and extends the data by Meshinchi et al., as well as those of other published studies, 29, 30 documenting that ALLO-HSCT can supersede the negative prognostic impact of FLT3-ITD in AML.
The 72% probability of 8-year DFS observed in our patients with 11q23 abnormalities mimics that reported by the I-BFM group in a recently published paper (71% at 5 years), 7 this finding confirming that the subgroup of children with CR1 AML and MLL rearrangement has a high probability of benefiting from HSCT. In particular, the 17 children with t(9;11) had a DFS probability of 82%, while Abbreviations: ALLO = allogeneic; AUTO = autologous; CNS = central nervous system; F = female; HAPLO = HLA-haploidentical HSCT; HSCT = hematopoietic SCT; M = male; MFD = matched family donor; MMUD = mismatched unrelated donor; MUD = matched unrelated donor; pts = patients.
Autologous and allogeneic HSCT in childhood AML F Locatelli et al the 28 children carrying MLL rearrangements with other partner genes had a DFS probability of 65% (P = ns). The choice of adopting a preparative regimen consisting of 3 alkylating agents was inspired by studies demonstrating the safety and efficacy of this therapy in both AML and juvenile myelomonocytic leukemia.
18,31 Since we transplanted patients in CR1, the risk of TRM and of leukemia recurrence in our allograft recipients (7% and 17%, respectively) are in line with those (12% and 33%, respectively) reported by Beier et al. 32 in children with AML in CR2, after the same conditioning regimen. Moreover, preparative regimens before the allograft which do not include TBI are particularly attractive for children, since radiation-induced late effects may be especially deleterious for very-young children. [33] [34] [35] The merits of using HSCT, in particular the autograft procedure, as consolidation therapy for pediatric patients with CR1 AML have been contested vigorously in the past years in light of the progress achieved with chemotherapy, and the risks inherent to the procedure have been advocated in support of restricting the use of transplantation. 2, 4 Moreover, growing attention has been paid to the emergence of the potentially severe side effects, including also cGVHD, correlated to the transplant procedure. These considerations must certainly be put forward also in our cohort of patients, which, however, did not include any child with acute promyelocytic leukemia or core-binding factor anomalies. As we previously reported, 17 37 HR patients (11% of the whole HR population included in the AIEOP-2002/01 protocol) received neither AUTO-nor ALLO-HSCT at the end of consolidation therapy. These patients had a significantly worse outcome in comparison with those given HSCT.
In the successor protocol, the AIEOP group will not use AUTO-HSCT and will restrict the indications to ALLO-HSCT to a population of patients (40-45% of the total number of children with AML other than acute promyelocytic leukemia instead of the 75-80% of patients who were given HSCT in the protocol AIEOP 2002/01) with biological and treatment-related characteristics predicting poor outcome if treated with chemotherapy only (see Pession et al. 17 and Hasle 36 for details). In conclusion, our data document that both AUTO-and ALLO-HSCT, after a preparative regimen consisting of BU, CY and melphalan, offer a chance of cure for a large proportion of children with AML in CR1. Disease recurrence remains the major cause of treatment failure, and strategies to reduce the risk of relapse are warranted. In the future, the role of HSCT in the treatment of children and adolescents with AML in CR1 will need to be reassessed as the field evolves. In this regard, a more refined selection of children candidate to receive transplantation in CR1 based on genetic parameters, such as monosomy 7, complex karyotype, FLT3-ITD, so on 1,2,36-39 and response to initial treatment through the use of flow cytometry for measuring minimal residual disease 36, 40 can contribute to further improve patient's outcome and to spare long-term side effects associated with the transplant procedure.
